Polymer-nanostructured carbon composites (PNCC) using three different polymers as composite matrix materials (polyvinylacetate (PVAc), polyethylene glycol (PEG) and ethylene-vinylacetate copolymer (EVA)) have been developed. High structure carbon black Printex XE2 (Degussa AG) was used as a composites filler. Ethanol vapour sensor-effect of composites was determined as a change of electrical resistance as the composite was held in ethanol vapour for 30 seconds. Reversibility of electrical resistance of PNCC, response stability and repeatability have been measured and compared. The electrical resistance response of EVA-nanostructured carbon composite (EVA-NCC) to ethanol vapour as a function of vinylacetate content in the copolymer has been evaluated. Promising ethanol vapour sensor-effect has been observed for PEG-NCC followed by PVAc-NCC and EVA-NCC.
Introduction
Conductive polymer composites have been widely researched with a goal to produce sensor material for volatile compound detection [1] . The main advantage of polymer films which possess the chemoresistivity is the possibility to analyze multianalyte samples. Application sphere of such sensor material can vary widely starting from indication of hazardous chemical leakage, monitoring ethyl ketone etc. To produce a sensor array that could detect diverse organic solvent vapour, the addition of a sensor element with selectivity to polar organic solvent vapour is necessary.
The task of this work is to design, elaborate and investigate a PNCC for polar organic solvent vapour sensing. For vapour sensor-effect testing, ethanol was chosen as representative, which is a less hazardous solvent from the polar organic solvent class. We suppose that sufficient sensitivity to other polar organic solvents will be observed if PNCC shows sensitivity to ethanol vapour.
For polymers to be used in composite elaboration the following requirements were set: i) the polymer at a room temperature should be in its viscoelastic or rubbery structural state, that is, above glass transition temperature T , to ensure effective polymer molecular chain flexibility and mobility [4, 5] ; ii) reasonable solubility in polar organic solvents; iii) satisfactory film formation from solution.
Materials and methods
Polyethylene glycol, polyvinylacetate and ethylenevinylacetate copolymer was selected for production of composite. PEG with molecular weight 40000 was used in our experiments and it is produced by Loba Chemie. Composite films with 10 mass parts (m.p.) of carbon black from PEG with molecular weight 3000 and 6000 were also tested, but homogenous films were not obtained because cracks on the surface of samples were noticed. For this reason PEG 3000 and PEG 6000 samples were not investigated further. Chemical structure of PEG is shown in Fig. 1 . Hydroxyl end groups determine polar nature of the polymer (ε = 37 7), and single polymer backbone without side branches ensures highly crystalline (92%) polymer structure formation. Polyvinylacetate (MW 101600) and ethylene-vinylacetate copolymer produced by VEB Leuna-Werke "Walter Ulbricht" were used. The PVAc glass transition temperature is 28°C. PVAc-NCC samples were tested at room temperature 25°C. It means that PVAc-NCC should have reasonable molecular chain mobility. As mobility of molecular chains becomes faster as faster diffusion of ethanol vapour into the composite can occur, the greater the composite response to vapour is observed. Ethylene-vinylacetate copolymer with different vinylacetate content (29.7%, 25% and 11.6%) was used. Chemical structure of PVAc and EVA can be seen in Fig. 1 . PVAc has relatively large acetate side groups, which act as steric hindrance for PVAc three dimensional structure formation, as a result PVAc has amorphous structure. EVA copolymer structure is composed of ethylene and vinylacetate repeating units. Introduction of vinylacetate in ethylene structure leads to reduced copolymer crystallinity. If the vinylacetate concentration in the copolymer reduces from 29.7% to 11.6%, then EVA crystallinity changes from 15% to 36%. Polymer-nanostructured carbon composites were produced as follows: 2 g of polymer was dissolved in 10 ml of chloroform (EVA) or ethanol (PEG, PVAc) solution. Then 10 mass parts of high structured carbon black PRINTEX XE2 (mean diameter 30 nm, DBP absorption -380 ml/100 g, BET surface area -950 m 2 /g) were homogenized in 10 ml of chloroform or ethanol using ultrasonic homogenizer. The obtained carbon black suspension was added to polymer solution and stirred on magnetic stirrer for 1 (PEG, PVAc) to 2.5 (EVA) hours. In the case of PEG 40000, EVA with 25% and 11.6% vinylacetate content, heating (90°C) during the stirring process was applied. When a homogenous composite mixture was obtained an epoxy laminate plate with cooper electrodes was immersed into it. The composite layer on epoxy laminate substrate was obtained by repeated immersion of the epoxy laminate into the mixture and solvent evaporation from the film. Immersion-evaporation cycles were repeated up to 3 times. A composite structure and dimensions are illustrated in Fig. 2 . Electrical resistance of the composite was registered using Agilent 34970A data acquisition unit. 
Results and discussions

Ethanol vapour sensoreffect
PEG-NCC, PVAc-NCC and EVA(29.7%VA)-NCC ethanol vapour sensitivity at variable concentrations of ethanol can be seen in Fig. 3 . PEG-NCC shows the best ethanol vapour sensitivity, which can be explained by excellent composite matrix compatibility with ethanol vapour. Almost twice reduced sensitivity has PVAc-NCC, but electrical resistance relaxation rate is remarkably slower than for PEG-NCC and EVA(29.7%VA)-NCC. Electrical resistance relaxation is discussed in more detail in Section 3.2. The lowest electrical resistance increase is observed for EVA(29.7%VA)-NCC composite. There are two possible interpretations of EVA-NCC low electrical resistance change in ethanol vapour. Firstly, it can be due to EVA(29.7%VA)-NCC sample increased thickness compared to PEG-NCC or PVAc-NCC. The applied composite coating technique is similar with dip coating, only in this case the substrate was not withdrawn from the solution at a controlled speed and composite mixtures varied in viscosity. Therefore it was complicated to acquire different composite films with similar thicknesses. In the future improvements to the composite film coating technique are planned. The other reason of EVA-NCC diminished vapour sensitivity is related with the vinylacetate content in the EVA-NCC, which is the ethanol sensitive part. The composite contains only 29.7% of ethanol sensitive matrix material, as a result a lower electrical resistance response is observed. In the case of amorphous (PVAc) or semi-crystaline polymer (EVA) structure the mechanism of the sensing effect can be explained on the basis of conductive filler percolation theory in the matrix. Absorption of the solvent molecules by polymer induces polymer swelling and the distance between carbon nano-particle aggregates increases. Consequently, tunnelling currents between carbon aggregates in thin layers of matrix decrease and the electrical resistance of the composite increases. The crystalline polymer composite vapour sensing mechanism is similar as for amorphous polymers, but distance increase between carbon nano-particle aggregates is obtained by crystalline region dissolution in the solvent [6] . Polyethylene glycol-grafted carbon black composite humidity and saturated methanol, ethanol vapour sensitivity have already been researched by Tsuchida et al. [7] . They found that sensitivity of saturated methanol vapour decreases with increasing molecular weight (MW = 600; 1000; 1540; 3000 and 20000) of PEG. They concluded that the decrease in PEG sensitivity increases with crystallinity, which increases with molecule weight of the polymer. A remarkable electrical resistance increase of PEG-NCC (with PEG MW = 40000) in ethanol vapour has been observed, and in our opinion, is because of the rapid cooling of composite film during the coating process. The composite mixture was heated (90°C) at the time of magnetic stirring. Then the prepared composite mixture was coated on the substrate. During the coating phase the heated composite mixture was rapidly cooled down to room temperature, which leads to more amorphous composite film formation.
EVA copolymers with different vinylacetate content 29.7%, 25.0% and 11.6% were used for EVA-NCC production. Ethanol vapour sensitivity, electrical resistance reversibility and response repeatability of EVA-NCC with different vinylacetate content (29.7%, 25.0% and 11.6%) is given in Fig. 4 . Composite samples were exposed to vapour for 30 s and then were left in air for 10 minutes. The thickness of tested composites was as follows EVA(29.7%VA)-NCC 162 µm, EVA(25.0%VA)-NCC 40 µm and EVA(11.6%VA)-NCC 100 µm. Ethanol vapour sensitivity increases with increasing vinylacetate content in the copolymer. For all EVA-NCC compositions sufficient electrical resistance reversibility and repeatability is observed.
As it is planned to use the produced composite materials in ambient conditions where relative humidity of the air can vary widely, PEG-NCC, PVAc-NCC and EVA(29.7%VA)-NCC ethanol vapour sensitivity at elevated relative humidity (RH) have been estimated (Fig. 5) . First, composite samples were exposed to ethanol vapour (0.065 ml/l) for 30 s at RH = 40% and T = 298 K af- ter that samples were left in air for electrical resistance relaxation. Then in the measuring vessel, elevated RH was obtained by using oversaturated NH 4 Cl salt solution in water. When a constant RH = 75% in the vessel was achieved, it was refilled with ethanol vapour keeping ethanol concentration the same as in the first measurement, and the ethanol vapour sensitivity of composites samples were tested. It is seen from Fig. 5 that with increasing ambient air humidity the ethanol sensor-effect of all tested composites decreases. Here we propose two possible explanations. The decrease in sensitivity at elevated humidity is related with great water molecule diffusion into the composite material. Since the water molecule approximate diameter of 2.75 Å is much smaller than the ethanol molecule approximate diameter of 4.71 Å, then free volume cavities in the composite are occupied by water molecules and there are not enough places for ethanol vapour molecules. Because of water molecule weaker compatibility with the composite matrix material, the distance between carbon nanoparticles aggregates increases less and consequently electrical resistance of the composite rises more slowly. The second reason for reduced electrical resistance response of the composite at enlarged humidity could be appearance of additional response mechanism, proton conductivity, which acts contrary to tunneling current model. From detailed discussion above the conclusion can be made that relative humidity at the time of measurements should be kept constant.
Electrical resistance relaxation process
Characteristic electrical resistance relaxation curves of PVAc-NCC, EVA(29.7%VA)-NCC and PEG-NCC are given in Fig. 6 . During relaxation, in our opinion, the decrease in electrical resistance is determined by three factors: 1) diffusion of solvent molecules from internal layers of the matrix to the surface, 2) relaxation of polymer chains stretched by previous swelling in organic solvent vapour, and 3) relaxation of a volumetric lattice of the electroconductive carbon nano-particles. Experimental data can be well described by equation:
where is time (s), (1) for all tested composites are summarized in Table 1 . Similar electrical resistance relaxation manner for carbon black filled silicon rubber was observed Wang et al. after the composite was compressed to certain instantaneous pressure. They concluded that the composite mainly has three different kinds of movement elements with different stress attenuation speeds, which leads also to three kinds of attenuation speeds for the composite resistance [8] .
From data available in Table 1 , the largest relaxation time constants are calculated for PVAc-NCC. This can be explained by the structural state of the sample at the time of 
Summary
The ethanol vapour sensor-effect of five different polymer/nanostructured carbon composites has been evaluated. All elaborated and produced composite materials are able to distinguish different ethanol vapour concentrations. Both the best ethanol vapour sensitivity and the fastest electrical resistance relaxation were observed for PEG-NCC. Remarkable resistance increase in ethanol vapour atmosphere is obtained also for PVAc-NCC, but rather poor reversibility and comparatively slow electrical resistance relaxation rate due to composite matrix glassiness state has been observed. It was found that EVA-NCC ethanol vapour sensitivity considerably influences by vinylacetate content in the copolymer. PEG-NCC and EVA-NCC good reversibility of resistance is sustained by PEG and EVA viscoelastic state. Relative humidity of the tested ambience during measurements of ethanol sensoreffect should be monitored and kept constant.
